Because intravenous infusion of beta-hydroxybutyrate (beta-OHB) has been reported to decrease urinary nitrogen excretion, we investigated in vivo metabolism of leucine, an essential amino acid, using L-[1-13C]leucine as a tracer during beta-OHB infusion. Leucine flux during beta-OHB infusion did not differ from leucine flux during normal saline infusion in nine normal subjects, whereas leucine oxidation decreased 18-41% (mean = 30%) from 18.1 +/-1.1 mumol.kg-1.h-1 (P less than 0.01), and incorporation of leucine into skeletal muscle protein increased 5-17% (mean = 10%) from 0.048 + 0.003%/h (P less than 0.02). Since blood pH during beta-OHB infusion was higher than the pH during saline infusion, we performed separate experiments to study the effect of increased blood pH on leucine kinetics by infusing sodium bicarbonate intravenously. Blood pH during sodium bicarbonate infusion was similar to that observed during the beta-OHB infusion, but bicarbonate infusion had no effect on leucine flux or leucine oxidation. We conclude that beta-OHB decreases leucine oxidation and promotes protein synthesis in human beings.
Introduction
Conservation of protein is a vital metabolic adaptation for survival during prolonged fasting (1, 2) . It has been proposed that protein conservation during fasting is related to ketosis (2, 3) . Furthermore, when ketones displace glucose as a primary metabolic fuel for brain, the need for amino acid precursors for gluconeogenesis decreases and therefore protein breakdown decreases (2) (3) (4) . This hypothesis is supported by the demonstration of decreased glucose production rate in humans (5) and in pigs (6) , and a decrease in urinary excretion of nitrogen in fasted human subjects during intravenous infusion off,-hydroxybutyrate (j#-OHB)' (7) . Improvement of nitrogen retention in postoperative patients in proportion to their hyperketonemia (8) lends additional support to the hypothesis. 1 . Abbreviations used in this paper: FMPS, fractional muscle protein synthesis; KIC, a-ketoisocaproate; ,-OHB, fl-hydroxybutyrate.
In order to study the mechanism of nitrogen conservation during ketosis, Miles et al. (9) infused sodium-DL-ft-OHB intravenously for 3 h in normal volunteers and measured in vivo leucine kinetics. They failed to demonstrate any effect of (3-OHB on leucine flux, indicating that ,B-OHB does not decrease proteolysis. However, these results do not preclude the possibility that ft-OHB inhibits protein losses by causing more of the free amino acids to be incorporated into protein rather than oxidized. In the present study we have examined the effect of (3-OHB on leucine flux, oxidation, and incorporation into skeletal muscle protein, using L-[ 1-'3C]leucine as a tracer. (3-QHB is known to affect the secretions of a variety of hormones, such as insulin and glucagon, and also alter the plasma concentrations of glucose and free fatty acids (5) . The above hormones and substrates could affect protein metabolism, and therefore we considered the possibility that the effect of #-OHB on leucine metabolism is secondary to the changes in hormones or other substrates. Plasma concentrations of the relevant hormones and substrates were also measured during the study period.
Methods
Subjects. We studied 13 normal healthy subjects whose data are given in Table I . The protocol for this study and the consent form were approved by the Human Investigation Committee of the University of Rochester School of Medicine and Dentistry. All Bedford, MA) and tested to be pyrogen free before infusion into our subjects.
Protocols. Two separate studies were performed at a 3-9-wk interval in subjects A-I (n = 9). One study was performed to measure the effect of #-OHB infusion on leucine metabolism, and the other was performed with normal saline infusion (control experiment). In two subjects, the (-OHB infusion was done first, whereas in everyone else the normal saline infusion was given first. The preparation of the subjects before each ofthe studies was the same. They were admitted to the University of Rochester CRC 3 d prior to the study, during which they were kept on a weight-maintaining diet (composition as percentage of calories from carbohydrate/fat/protein = 45:40:15).
All studies were performed after an overnight fast. A retrograde catheter was inserted into a dorsal hand vein and kept open by infusion of normal saline. This hand was kept in a hot box (70°C) to collect arterialized venous blood samples (10) . Two other forearm veins were catheterized in the contralateral arm to infuse #-OHB or normal saline and the tracers. and then a continuous infusion of L-[1-_3C]leucine (7.6 Amol * kg-' . h-') and [6,62H2] glucose (11.5 smol/kg-' * h-') was given for 8 h at a constant rate using a volumetric infusion pump. Blood and expired air samples for isotopic analysis were taken before the infusion and then every h until 6.5 h. Blood and expired air samples were taken every 15 min during the last 1.5 h. The separated plasma samples were freeze-dried and these freeze-dried plasma samples and air samples in vacutainer tubes were shipped to the CRC, Harrow, England for isotopic analysis.
Carbon dioxide production was continuously measured for 1.5 h each between 3-4.5 and 6-7.5 h, respectively, using an open circuit indirect calorimeter, as previously described (12) .
Since infusion of sodium DL-#-OHB increased blood pH, we infused sodium bicarbonate solution equimolar to the 6-OHB intravenously in seven subjects, to separate the effect ofB-OHB from that of pH changes. Subjects A, D, and E received sodium bicarbonate, saline, and ,B-OHB infusions, whereas subjects J, K, L, and M received only saline and sodium bicarbonate infusions. The study design for sodium bicarbonate infusion was exactly the same as that for ,-OHB infusion, except that no muscle biopsies were taken in this experiment.
Sample analysis. Plasma a-ketoisocaproate (KIC) concentration and [13C]KIC enrichment were measured by selected ion-monitoring gas chromatography-mass spectrometry under chemical ionization conditions after conversion as previously described (13) . Expired air '3C02 was measured using an isotope ratio mass spectrometer (14, 15) .
The freeze-dried muscle samples were treated with 3 M sodium hydroxide and mixed muscle protein was extracted. The protein was then hydrolyzed in 6 M HCI at 1050C for 18 h the resulting amino acids derivatized and isolated by means of standard preparative gas chromatography. After hydrolysis ofthe leucine ester to the free amino acids, it was treated with ninhydrin to liberate CO2 from the carboxyl group. The released carbon dioxide was transferred to a glass "finger tube" for direct introduction into the isotope-ratio mass spectrometer to determine the '3C02/'2C02 ratio (15) .
Calculations. Since KIC is the precursor of leucine oxidation, leucine oxidation was calculated using ['3C]KIC as the precursor pool as previously described (16) . Leucine flux was calculated from plasma
['3C]KIC at steady state, which was assumed to reflect intracellular ['3Cjleucine abundance (17) (18) (19) . Direct measurements in humans (17) and rats (18) demonstrate that plasma KIC labeling represents intracellular leucine labeling more closely than plasma leucine labeling. Studies in humans using the reciprocal pool model also support the use of plasma KIC labeling as an index of intracellular leucine labeling (19) . The difference between leucine flux and leucine oxidation is the nonoxidative protion ofleucine flux. Since leucine disappears from the free leucine pool either by irreversible oxidation or by incorporation into protein, the nonoxidative portion of leucine flux in steady state reflects the protein synthesis rate (20, 21) . Glucose production rate was measured as previously described (22) . Even though leucyl tRNA is the immediate precursor pool for protein synthesis, leucyl tRNA could not be measured from small muscle samples obtained from human subjects. Studies in rats demonstrated that specific activity free leucine reflects specific activity of leucyl tRNA in lung tissue (23) . Skeletal muscle cell preparations demonstrated that the free leucine pool determines the leucyl tRNA labeling for protein synthesis (24) . Studies in the cardiac muscle of rats indicate that tRNA has a rapid turnover and reaches a rapid equilibrium with amino acid precursor pool (25) . Thus the labeling of KIC is quite likely to be a good index of the labeling of tRNA.
Plasma concentrations of glucose were measured using an autoanalyzer (Beckman Instruments, Inc., Fullerton, CA), #-OHB was measured by enzymatic technique (26), and free fatty acids were measured by a colorimetric technique (27) . Plasma insulin was assayed by a commercial radioimmunoassay kit (Cambridge Nuclear, Billerica, MA), radioimmunoassay of glucagon was done using 30K antiserum (28), C-peptide was assayed using specific C-peptide antibody (Guildhay, University of Surrey, Kent, England) with a double-antibody technique (29) , cortisol was measured by radioimmunoassay using a commercial kit (Diagnostic Products Corp., Los Angeles, CA), and epinephrine and norepinephrine were measured using a radioenzymatic assay (30) . Amino acids were assayed by HPLC with fluorometric detection, after pre-column derivatization with o-pthalaldehyde/2-mercaptoethanol (31). Data analysis. Paired t tests were employed to investigate whether observed differences between the leucine kinetics during,-OHB or sodium bicarbonate infusion and during the saline infusion were statistically significant. To assess the effect of #-OHB infusion on hormones and substrates, a two-way analysis of variance was performed with infusate and time as the two factors (BMDP Statistical Software, University of California, Berkeley). The statistical significance of differences between individual means was determined by the NewmanKeuls test (32 Leucine flux during ,-OHB infusion was not different from leucine flux during saline infusion, whereas leucine oxidation during #-OHB infusion was lower than oxidation during saline infusion by an average of 30% (18-41%) (P < 0.01, Table II ). The nonoxidative portion of leucine flux during the ,3-OHB infusion was higher (3-45% with an average of 11.5%) than it was during saline infusion (P < 0.02). Blood pH was higher during fl-OHB infusion than it was during saline infusion (P < 0.01, Table II) . FMPS during the ,3-OHB infusion was higher (5-17% with an average of 10%) during the #-OHB infusion than during saline infusion (P < 0.02, Fig. 3 ).
The precision of our measurement of ['3C]leucine in muscle protein was evaluated by performing duplicate measurements of four quadriceps muscle biopsy specimens in normal human beings. Variation was < 1% in all cases. The reproducibility of measurements was determined in 10 subjects by measuring ['3C]leucine incorporation into skeletal muscle protein of different muscle samples taken from the same muscle group and processed separately. The difference between the two specimen in 10 subjects was 2.05±0.63% (33) .
Carbon dioxide production (CO2) during saline infusion (198±8 ml/min) was not different from CO2 production during #3-OHB infusion (196±7 ml/min). Oxygen consumption was 252±10 ml/min during saline infusion and was not different from oxygen consumption during j-OHB infusions (263±11 ml/min).
Leucine flux was measured in seven subjects and leucine oxidation was measured in six subjects during both saline and sodium bicarbonate infusions. ['3C]KIC and '3C02 enrichments were in plateau between 6.5 and 8 h, when leucine flux and leucine oxidation calculations were made (Fig. 4) . Although bicarbonate infusion was associated with an increase in pH identical to that which occurred during j3-OHB infusion, there was no effect of bicarbonate infusion on leucine kinetics (Table III) .
There is significant correlation between nonoxidative portion of leucine flux and FMPS measured in seven subjects on two separate occasions (Fig. 5 , r = 0.8, n = 14, P < 0.01). The increases of FMPS and nonoxidative portion of leucine flux from saline day to ,3-OHB day were also significantly correlated (r = 0.88, n = 7, P < 0.01). Amino acids. During the infusion of ,3-OHB, there was a significant decrease in plasma concentrations of asparagine, serine, glycine, and lysine, but no change in concentrations of these amino acids during normal saline infusion (Table IV) . The decrease in plasma concentrations of alanine, threonine, and tyrosine was greater during (#-OHB infusion than during the normal saline infusion (P < 0.05, Table IV ). Leucine concentrations increased to the same extent (P < 0.05) during both saline and ,B-OHB infusions (Table IV) . During the infusion of sodium bicarbonate, the decrease in plasma concentrations of alanine, glycine, lysine, serine, threonine, and valine was greater than during the infusion of normal saline (P < 0.05, Table V ). The changes in plasma amino acid concentrations during the bicarbonate infusion were similar to those occurring during the infusion of #-OHB (Tables IV and V) .
There was no significant change in the plasma concentrations of any of the amino acids between 7 and 8 h, in any of the study groups indicating a steady state during this period.
Plasma concentrations of KIC were measured in six subjects who had normal saline and ,B-OHB infusions and four subjects who had normal saline and sodium bicarbonate infusions. In the ,B-OHB groups, plasma KIC concentrations at 6, infusions are given in the lower panel.
7, 7.5, and 8 h were 39±7, 42±8, 38±6, 38±7 ,umol/liter, respectively, which were not different from the plasma KIC concentrations on the corresponding time points on the control day (36±7, 38±7, 38±15, 39±9 ,umol/liter). On the day sodium bicarbonate was infused, plasma concentrations of KIC were 29±4, 28±5, 32±9, 33±9 gmol/liter, which were not different from the corresponding levels on the saline day (25±3, 28±8, 29±6, 25±6 umol/liter). Thus, during the period in which we calculated leucine kinetics, KIC concentrations in these subjects were in a steady state. Substrates and hormones. Mean plasma concentrations of ,3-OHB gradually rose to -2 mM during #-OHB infusion, but remained below 0.5 mM during saline infusion (P < 0.01). Plasma concentrations of glucose and free fatty acids were lower during the 3-OHB infusion than during saline infusion (P < 0.01). Endogenous glucose production rate during fi-OHB infusion was 10.3±0.6 gmol/kg. min, which was 8% lower than glucose production rate during normal saline infusion (11.3±0.6,gmol/kg. min, P < 0.05). There was no difference in the plasma concentrations of insulin, C-peptide, glucagon, norepinephrine, or epinephrine between ,3-OHB and the saline infusions (Fig. 6 ). Plasma concentrations of j-OHB, glucose, free fatty acids, insulin, glucagon, norepinephrine, epinephrine, and cortisol were not different between the saline and bicarbonate infusions. Endogenous glucose production rate during bicarbonate infusion (12.1±0.6 gmol/kg-' min-') was not different from that during saline infusion (11.8±0.7,mol/kg-' min-').
Discussion
Plasma concentrations of j-OHB in our subjects during the infusion of sodium DL-/3-OHB were much lower than concentrations observed in humans during fasting (34) , or in poorly controlled, type I diabetic patients (35) . This moderate increase in plasma concentrations of #-OHB was associated with a substantial (18-41%) decrease in leucine oxidation. However, lack ofany change in leucine flux indicated that proteolysis was unaffected by (3-OHB infusion, which is in agreement with a previous study (9) . A decrease in leucine oxidation in conjunction with an unchanged leucine flux should either result in an elevation of plasma leucine concentrations or an increase in leucine incorporation into protein. Leucine concentrations during f3-OHB infusion were not different from those in the control experiment, and leucine incorporation into skeletal muscle protein showed a small (5-17%) but significant increase. The nonoxidative portion ofleucine flux, which is theoretically an index of protein synthesis (20, 21) , increased 10%, which was similar to the average increase in leucine incorporation into skeletal muscle protein. We recently reported a significant correlation between direct measurement of mixed skeletal muscle protein synthesis rate and indirect measurement of whole-body protein synthesis (derived from nonoxidative portion of leucine flux [33] ). The present study further supports the evidence that the nonoxidative portion of leucine flux is a sensitive indicator of tissue protein synthesis. Since muscle protein synthesis constitutes only 30% of wholebody protein synthesis (33, 36) , it is probable that nonmuscle protein synthesis was also increased by #-OHB.
Our (38) . On the other hand, ketoanalogues of amino acids have been shown to increase hepatic protein synthesis (30) . A small increase in blood pH occurred during ,3-OHB infusion. Since a decrease in urinary nitrogen excretion is known to occur with an increase in pH (39), we examined the effect of increasing pH on leucine kinetics by infusing sodium bicarbonate. Changes in plasma amino acid concentrations during bicarbonate infusion were similar to those that occurred during the 3-OHB infusion. The plasma leucine concentration and leucine flux did not change (relative to saline infusion) during either #-OHB or sodium bicarbonate infusion. However, f3-OHB infusion decreased leucine oxidation, whereas sodium bicarbonate infusion did not change leucine oxidation. Therefore the ,3-OHB effect on leucine oxidation is independent of pH changes.
Previous studies in dogs demonstrated that the inhibitory effect of ketones on free fatty acid appearance and glucose production is direct rather than mediated through changes in hormones or pH (40) . We noticed a significant decrease in 4 increase plasma insulin levels but increased plasma glucagon (40) . However, small physiological increases in plasma #-OHB are not associated with any changes in insulin or glucagon levels (40, 41) . Our subjects showed no significant change in their plasma concentrations of insulin, C-peptide, glucagon, epinephrine, norepinephrine, or cortisol. If increased insulin secretion occurred, one would have expected a decrease in leucine flux, since leucine flux is more sensitive to insulin than leucine oxidation (42) (43) (44) . ,B-OHB does not increase insulin sensitivity in man (45). It appears therefore, that changes in leucine oxidation, plasma concentrations of free fatty acids and glucose occurring during ,B-OHB infusion are independent of the various hormones that we assayed. A protein sparing effect of ,-OHB has been demonstrated in subjects fasted for several days (4). We studied subjects in their postabsorptive state whose hormonal profile was different from the subjects fasted for several days (2) . We chose to increase blood concentrations of postabsorptive subjects (usually low) rather than further increase an already elevated blood (3-OHB level in fasted subjects. The observed decrease in leucine oxidation and protein synthesis in our subjects indicated that the effect of f-OHB on protein in the fasted subjects may not depend on the hormonal changes during fasting.
Another important observation from our study is that one cannot make any meaningful conclusions about metabqlism of amino acids based on plasma concentrations alone. In our subjects plasma leucine concentrations were not affected by fi-OHB whereas leucine oxidation and leucine incorporation into protein were clearly affected by i-OHB. Based on plasma concentrations alone, one might falsely conclude that jl-OHB has no effect on amino acid metabolism independent of pH changes.
In 
